Diverse papaya (Carica sp.) accessions are found in many regions in Indonesia, but their genetic diversity have not yet been studied. Random Amplified Polymorphic DNA (RAPD) is a simple yet accurate method that can be used to examine the genetic diversity of papaya. The study aimed to examine the genetic diversity of Indonesian papaya accessions using RAPD markers and morphological characters. The RAPD was applied on 23 papaya accessions using 30 primers. The appearing bands were further analyzed with the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) and Principal Component Analysis (PCA). The molecular results were then compared to the fruit morphological data, including fruit shape, size, flesh color, texture, and flavor. The RAPD analysis revealed that the 23 papaya accessions clustered into six main clades with Dice-Sorensen coefficient similarity ranged from 0.71 to 0.98. The first group consisted of 11 accessions, including both the hybrids and local accessions. The second group consisted of eight accessions especially six Indonesian hybrids, a Mexican Hybrid and a Hawaiian hybrid. The other four groups had a single member namely Sicincin Panjang, Lokal Sumani, Cariso, and Carica. The molecular grouping, however, did not align with the fruit character grouping. Overall, it was implied that the Indonesian papaya accessions were genetically narrow, of which some accessions were closely related to Hawaiian and Mexican accessions. These results can be used as a reference on papaya crossbreeding program in Indonesia.
INTRODUCTION
Papaya is originated from three centers, called as Mesopotamic, Mesoamerican, and North Chinese. Since its wide adaptation capacity, the plant has spread on to almost tropical and subtropical regions. In Indonesia, papaya is cultivated mainly for the fruits, yet the latex, seeds, and leaves are commonly used as traditional remedies. Papaya can be cultivated in almost every part of Indonesia with diverse fruit shape, size, and color. A study reported that Indonesian papaya morphological caharacters varied pertaining to vegetative and generative characters (Suketi et al. 2010) . Similar study showed a wide significant variation within the cultivated papaya in Kenya, including fruit characters, petiole length, and leaf size which were found to be highly correlated among them (Asudi et al. 2010) . Costa Rica's papaya had a wide variation in the morphological characters that were not relevant to the genetic analysis (Brown et al. 2012 ). In addition, Ocampo et al. (2006) found that the sexual type of papaya influenced the leaf and flower characteristics, as a result of environmental effect.
Papaya accession classification should be done using not only morphological characters but also molecular markers. The common method to access plant genetic information is Random Amplified Polymorphic DNA (RAPD), which is advantages in rapid, relatively easy and simple technique, thus can be operated in a undeveloped laboratory with minimum equipments. RAPD analysis is applicable in confirmation of genetic linkage and diversity (Nejatzadeh-Barandozi et al. 2012) , somaclonal variation (Dey et al. 2015) , and sex determination in seedling (Vaidya and Naik 2014) .
Papaya genetic diversity had been widely studied, included the use of microsatellite markers to assess polymorphism. Other studies had focused on the relationship among papaya and its relatives (Carvalho and Renner 2012) , also among papaya local germplasms (Ocampo et al. 2006; O. Aikpokpodion 2012; Madarbokus and Ranghoo-Sanmukhiya 2012, Saran et al. 2015) . However, to date, there is a little information on the study of Indonesian papaya molecular diversity. The study aimed to determine the diversity of Indonesian papaya accessions based on RAPD markers and morhological characters.
MATERIALS AND METHODS

Plant Materials
A total of 22 papaya accessions collected and managed by the Indonesian Fruits Research Institute under the Indonesian Agency for Agricultural Research and Development (IAARD) were used in this study. The genetic materials included 12 hybrids, 8 local accessions, and 2 introduced accessions (Table 1 ). These accessions have been priorities in the IAARD papaya breeding program.
Morphological Characterization
A number of morphological characters of fruits were observed to support the molecular analysis. The investigated morphological characters were the principal characters such as fruit shape and size, flesh color and texture, and flavor which were to be highly correlated to the papaya diversity (Ocampo et al. 2006; Asudi et al. 2010) .
Extraction of Genomic DNA
The DNA was extracted from young healthy leaves using the modified CTAB method (Doyle and Doyle 1987) . A total of 100 mg leaves were ground with 1.5 ml extraction buffer, 1% β-mercaptoethanol, and 10 mg PVP-10. The samples were then transferred into a 2 ml centrifuge tube and incubated at 65 ⁰C for 60 minutes. Proteins were degraded three times with 500 ml chloroform : soamylalcohol (24:1, v/v) and centrifuged at 12,000 rpm for 10 minutes. The DNA was precipitated with the addition of 500 ml cold iso-propanol, whereas the RNA was degraded with 2 mg ml -1 RNAse. The DNA pellets were air dried, rinsed with 70% ethanol, and dissolved in 50 ml TE buffer. The DNA was quantified using nano-drop spectrophotometer. The DNA solution were kept in -20 ⁰C freezer prior to PCR analysis.
PCR Amplification
RAPD primers were initially screened from a total of 30 primers (Table 2) to find the suitable primers for revealing molecular diversity on individual level. The primers were selected using five samples of papaya leaves. The selected RAPD primers were then used for genotyping of Table 2 .
Data Analysis
The binary data of the banding patterns produced by each primer were further analyzed using computer software. A dendrogram of total accessions based on RAPD polymorphism was generated using the Dice-Sorensen coefficient of similarity together with genetic distance among groups and the Unweighted Pair Group Method with Arithmatic Mean (UPGMA). Relationship among the hybrids and parents was investigated using Principal Coordinate Analysis based on Eigen value. All of the calculation was conducted using the NTSYSpc 2.10x software (Rohlf 2004) , whereas the bootstrap analysis was performed with the Winboot software (Yap and Nelson 1996) . The polymorphic information content (PIC) value was calculated for each marker based on formula of PIC = 2fi(1-fi), where fi is the frequency of the amplified alleles and (1-fi) is the null alleles. The average of PIC value was noted as average heterozygosity (Hav). The effective multiplex ratio (EMR) is the ratio of polymorphic and total amplified bands, whereas the marker index (MI) was calculated by multiplying Hav and EMR values (Roldán-Ruiz et al. 2000; Powell et al. 1996) . The genetic diversity index was estimated as the proportion of polymorphic loci across the genome (Nei 1977) .
RESULTS AND DISCUSSION
Fruit Morphological Characters
As a part of previous papaya breeding studies, several hybrids have been collected, both for documentation and collection for future research. The collection was then expanded to local and introduced accessions. Fruit characteristics of 23 papaya accessions in our study were presented in Table 3 and Figure 1 . The fruit shape was diverse such as pear, globular, elongate, and club shape, whereas the size varied from small (√) to very big (√√√√√). Similarly, the flesh fruit color varied from yellow, orange, orange-reddish, reddish, to red, with differed textures, crunch and soft. In addition, the fruit flavor ranged from slightly sweet (+) to very sweet (+++). In general, the Indonesian papaya tend to have a bigger size (more than 2000 g) than the introducing ones.
Most of the hybrids were developed by IAARD and have been studied since 1996. The hybrids were evaluated to obtain the superior variety to be released to the public. An example for the hybrids is Merah Delima that has been cultivated in many farmlands and produced satisfactory yield. The other commercial hybrids were Carisya and Cariso which were released by Bogor Agricultural University prior to the Merah Delima.
The local accessions included in study had specific characters, in particular superior size (for G30, Sicincin Panjang, and Lokal Sumani), purple color petiole (Tangkai Ungu), unique leaves (Daun Jarak), and unique taste (Carica). Notable, some of these accesssions have been cultivated by local farmers, either as backyard plant or an orchard. Considering the specific characters of each local accession to environment, these are germplasms useful to develop new variety. Compared to the hybrids, the local papaya generally has a bigger fruit size which is more than 3,000 g in contrast to the hybrids which have the fruit size ranged from 400 to 2,500 g. The two introduced accessions (Red Lady and Sunrise) were world well-known varieties. Red Lady is the Mexican papaya having medium size and subtler flavor, while Sunrise or the strawberry papaya is the Hawaiian which has a smaller and sweeter fruit than the counterpart (Protain et al. 2010) .
Papaya characters are highly influenced by environment.
Light quality directly affects photosynthetic rates, whereas low quality of light , √√ = medium small (500-1,000 g), √√√ = medium (1,000-1,500 g), √√√√ = medium big (1,500-2,000 g), √√√√√ = big (2,000-2,500 g), √√√√√√ = very big (>2500 g); Taste, + = slightly sweet, ++ = sweet, +++ = very sweet. 
(a) (b) (c) (d)
reduces leaf thickness, petiole length, leaf weight, and leaf lobules. In addition, water availability is strongly related to fruit yield since the water directly affects photosynthetic rates. Water deficits reduce photosynthetic rates allowing to induce low productivity. While soil composition significantly affects fruit yield (Campostrini and Glenn 2007) . All of these environmental factors contributed to the varied characters of papaya used in our study. Fruit characters were generally influenced by pollination since each gametophyte carries different genetic materials to be inherited to the offspring (Arias-Calderon et al. 2014). Our results showed that based on the fruit morphological characters, the 23 papaya accessions were not differentiated into distinctive group. In papaya, fruit size and shape are sex linked traits which are also highly influenced by variety and environmental factors (Blas et al. 2012) . Another study reported that the morphological characters sometimes fail to discriminate plant species. Thus, to complete the grouping, molecular analysis of these papaya accessions was necessary.
RAPD Polymorphism
The RAPD was chosen to assess the papaya genetic diversity due to its simplicity to produce accurate result without knowing targeted fragment or region in the genome. Among the 30 RAPD primers tested, 14 primers produced clear, strong, and reproducible bands, thus these markers were chosen for further analysis of 23 accessions. Some representative gel electrophoresis of papaya accessions produced by RAPD primers were presented in Figure 2 .
The 14 markers produced 91 bands, including 61 polymorphic bands (75.6%). Each primer amplified 4-9 bands with an average of 6.5 bands per primer and the band sizes of 100-800 bp. The detail of the amplified bands are summarized in Table 4 .
Our study proved that the 14 RAPD primers used could resolve the genetic diversity of papaya accessions. These primers had the PIC values of 0.27 (OPY15) to 0.49 (RAPD2, RAPD3, and OPN09). The average heterozygosity (Hav) value, the effectiveness multiplex ratio (EMR), and the marker index (MI) were 0.40, 0.67, and 0.27, respectively. The PIC value is determined by both number and frequency of alleles. Since RAPD is a dominant marker, the highest PIC value for RAPD is 0.5 which assumes that there are two alleles per locus. Therefore, the PIC value for each marker in this study implied that the chosen markers were sufficient to examine the genetic diversity of papaya. As a comparison, PIC values in our study were correlated favorably with those on Jathropa (Ganesh Ram et al. 2008) and were higher than the PIC (0.33) observed on newly improved Indian papaya (Saran et al. 2015) . Interestingly, the EMR and MI values of RAPD markers were lower than that of other markers, such as ISSR and SSR (Ismail et al. 2016 ). Thus in our study further analysis is applied to determine appropriately the genetic diversity and relationship among the papaya accessions. 
Genetic Diversity Analysis Based on RAPD
The Dice-Sorensen similarity test revealed that the farthest related accessions (0.71) were Sicincin Panjang and Carica, whereas the closest ones were Solinda, BTK3, G28, and G30 (0.98). The average similarity value was calculated as 0.85, indicating their narrow genetic diversity. It is in a good agreement with previous study on papaya germplasm using 11 RAPD markers that 10 domesticated Hawaiian papaya cultivars had a minimum similarity coefficient of 0.7, suggesting its narrow genetic diversity (Stiles et al. 1993 ). While 10 commercially Indian papaya cultivars were also detected to be narrow diversity using 18 RAPD markers (Sangeeta et al. 2005) . However, 24 accessions of newly improved Indian papaya revealed a moderate diversity with similarity values of 0.30-0.99 according to 15 RAPD markers (Saran et al. 2015) . Another report on 20 Indonesian papaya accessions using six RAPD primers showed their similarity coefficient of 0.00-1.00, indicating their low genetic diversity (Galingging 2005) . These studies demonstrated that the number of RAPD markers probably did not influence the range of genetic diversity, but rather the choice of accession to be observed. The use of relatively similar genetic background of accessions would produce narrow genetic range, and vice versa. The dendrogram constructed by the UPGMA is presented in Figure 3 and the three-D plot of the PCA based on the Eigen vector is shown in Figure 4 . Based on 0.87 coefficient similarity, the Indonesian papaya accessions can be clustered into six different groups, including four groups with single member. Solinda and BTK3 which have yellow flesh color were grouped in the same cluster, indicating flesh color to be the morphological marker. Although there was no significant correlation between morphological and genetic characters on papaya (Galingging 2005; Ocampo et al. 2006) , flesh color on this study appeared to be one of the morphological characters which was substantiated by the RAPD marker as reported by Saran et al. 2015 .
Similar with the genetic diversity index for total accessions, the calculated index for the hybrids was 0.34 and that for the local accessions was 0.36. This estimated gene diversity index in our study indicated that breeding could decrease genetic diversity due to repeated crosses. The clustering in Solinda and BT3 also implied their close similarity according to genetic characters rather than ecogeographical factors. Similar close distance occurred in BT2 and BT3, G28 and G30, as the consequence of their propagation method using seeds which produced similar genetic characters. Thus, small chances of cross breeding could be existed in the papaya propagation through seeds.
An interesting differentiation of a number of accessions appeared when assessed with RAPD polymorphism. Sicincin Panjang, Lokal Sumani, Cariso, and Carica were grouped as a single member cluster which represented their distinctive morphological characters. Sicincin Panjang is a local variety that has a very big and long fruit, originated from Padang Pariaman, West Sumatra. Sumani is a big fruit local variety from Solok, West Sumatra, and Carica is a local variety originated from Dieng Mountain of Central Java, far from the former two accessions. The Carica (Vasconcellea spp.) is an agro-economic highland papaya which was despite the similar morphology, was not the closest relative of Carica (d'Eeckenbrugge et al. 2014) . The local varieties tend to self-breeding, thus resulted offspring having more homozygous alleles and unique characters (Rodríguez-Burruezo et al. 2008) . The unique local papaya accessions in Indonesia should be preserved for further breeding program and genetic conservation. Two world well known accessions, i.e. Sunrise (Hawaiian accession) and Red Lady (Mexican accession) expectedly enhance to improve papaya varieties. Interestingly, the two accessions shared some molecular characteristics with the Indonesian hybrids and local accessions. Therefore, results of this study could be used as a reference to select appropriate parents for future breeding as well as to evaluate papaya hybrids.
CONCLUSION
Indonesian papaya genetic diversity was narrow according to RAPD polymorphism. A total of six groups were generated, of which the first and the second clusters consisted of mixed accessions, in contrast to the rest four clusters that each contained single accession of either local or hybrids. The higher genetic variation of 23 papaya accessions according to RAPD than that of morphological characters, indicated that molecular analysis could complement phenotypic information of papaya.
